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Abstract. In this paper, signal enhancement due to the ducts
over a sea surface is experimentally investigated and mod-
eled. The investigation is carried out through the study of
air-to-ground mobile microwave links over a tropical ocean
with low airborne altitudes (0.37 – 1.83 km) at C band
(5.7 GHz). The distance-dependence of the ducting induced
enhancement (with reference to the free-space propagation)
is linearly modeled, and the physical variations of the ducts
are found to be Gaussian distributed. Empirical ducting
coefficients and parameters for the Gaussian function are
estimated and provided for the prediction of the distance-
dependent signal enhancement due to the ducts in similar
scenarios.
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1. Introduction
In order to achieve a successful implementation of
modern wireless systems with high performance, under-
standing of radio-wave propagations in different media is
important [1], [2]. For applications with a slant propaga-
tion path such as satellite communications, buildings [3] or
trees [4], [5] could cause shadowing along the propagation
channel, and therefore degrade the quality of service (QoS).
Even for a line-of-sight (LoS) link, specular reflection [6]
or ducting [7] can affect the propagating signal of interest.
Therefore, proper characterization and modeling of a radio-
wave propagation channel is essential for the design of mod-
ern wireless systems.
Recently, due to the application of a C-band microwave
landing system (MLS) in aviation navigation, we investi-
gated air-to-ground radio-wave propagation channels over
a tropical ocean. Results from the channel impulse responses
in [8] indicated similar observations to those reported in [6].
That is, a 3-ray multipath model, consisting of a LoS path
and two reflected paths, provides a good fit to the measured
channel responses. For our channels, about 95 % (86 %) of
the measured channel responses can be represented by the
3-ray (2-ray) multipath model. However, the possible sig-
nal enhancement due to the ducts over the sea surface is not
fully investigated for the radio-wave propagations with low
airborne altitudes.
From the literature, radio-wave propagation over a sea
surface is well recognized to be affected by the ducts. For ex-
ample, an evaporation duct above the sea surface can result
in a substantial increase in the received signal strength at the
frequencies above 3 GHz [9]. Results in [10] also reported
that an enhancement larger than 10 dB was observed in 48 %
of the time along a 27.7-km over-sea path at 5.6 GHz which
is close to our transmission frequency of 5.7 GHz. However,
the ducting effects for our measurement scenarios: higher
altitudes (up to 1.83 km), longer propagation distance (up to
95 km), and mobile transmission which are different from
those reported in [9], [10], is less investigated.
Therefore, in this paper, a detailed investigation of the
signal enhancement due to the ducts over a tropical ocean
is performed. As a continued work of [11], the main objec-
tive of this paper is to characterize and model the distance-
dependence of the ducting induced enhancement and the
physical variations of the ducts over the sea surface. In the
following, a brief description of the measurement setup and
environment is given in Section 2. In Section 3, analysis
and modelings of the signal enhancement due to the ducting
effects are reported. Finally, conclusions of this paper are
presented in Section 4.
2. Measurement Campaign
2.1 Measurement Setup
The spread spectrum technique maximal-length
pseudo-noise (PN) sequence was implemented for chan-
nel sounding at the transmitter [12]. In our measure-
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ments, a 511-bit PN sequence was transmitted at a rate
of 20 Mchips/s, with binary phase-shift keying modulation.
The predefined signal was transmitted by a vector signal
generator, and then passed through a high-power amplifier,
before being radiated into the channel of interest via a ver-
tically polarized omni-directional blade antenna. This blade
antenna was mounted on the head of the aircraft with an
effective radiated power of 40 dBm. GPS data was logged
continuously during the flight through a GPS receiver in-
stalled on the aircraft throughout the measurement, so as to
obtain the instantaneous altitude, longitude, latitude, pitch,
roll, and yaw coordinates of the moving aircraft.
(a) Antenna (b) Data logger
Fig. 1. On-site measurement setups at ground station (receiver
site).
At the receiver, two identical directional antennas (e.g.
one shown in Fig. 1a) with a beamwidth of 20◦ azimuth and
25◦ elevation were used to create a height (5.55 m) and space
(6.45 m) diversity receptor [8], [13]. The received signal was
amplified and down-converted to a 22 MHz IF signal, and
sampled at a rate of 100 Msamples/s using the data logger
as shown in Fig. 1b. The total gain of each receiver front-
end consisting of an antenna, a low noise amplifier, a mixer
and a low pass filter is about 80 dB. All the data recorded
was stamped with the GPS time in order to synchronize the
measured data with the aircraft location. Descriptions of the
channel sounding technique used in the measurements can
be found in [12].
2.2 Measurement Environment
Fig. 2. Open space in the coastal area (receiver site).
To eliminate possible shadowing/multipath effects
from the surrounding environments, the ground station in
this study is located at an open space at a coastal area on
the eastern side of Singapore (1◦20’07” N, 104◦01’16” E) as
shown in Fig. 2. The transmitted signal mainly propagates
over the sea surface and there is no blockage of the signal.
In this paper, radio-wave propagations along a straight flight
path as discussed in [8] will be investigated for the airborne
altitudes of 0.37, 0.91, and 1.83 km. This is to minimize the
possible shadowing effect due to the aircraft maneuvering
[13]. During the whole measurement campaign, there was
no rain.
3. Signal Enhancement due to the
Ducting Effect
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Fig. 3. An example of the propagation loss at the airborne alti-
tude of 1.83 km.
Our previous study [8] shows that the measured path
loss is much less than the predicted loss from the free space
loss (FSL) model and the 2-Ray loss model [1] for an air-
to-ground LoS propagation channel over a tropical ocean at
5.7 GHz. Fig. 3 shows an example of the measured loss at
the airborne altitude of 1.83 km against the predicted values
from the FSL model and the 2-Ray model. Here, Channel 1
is for the receiver with a height of 7.65 m, and Channel 2
is for the receiver with a height of 2.10 m. Details of the
measured propagation loss at other airborne altitudes can be
found in [8].
3.1 Spatial Dependence of the Enhancements
In this study, in order to investigate the possible ducting
effects, the measured propagation loss is normalized to the
predicted values using the FSL model to estimate the mea-
sured signal enhancement Penhance−meas in dB. Example of
the measured signal enhancement due to the possible ducting
effects are shown in Fig. 4 which corresponds to the results
for both channels in Fig. 3. From Fig. 4, it is found that, the
signal enhancement in dB increases slightly as the transmis-
sion distance d increases. This is because a higher portion
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Fig. 4. Spatial variation of the signal enhancement in dB due to
the ducting effects at the airborne altitude of 1.83 km.
Fig. 5. Simple description of the two possible ducting layers.
of the propagating path traverses the ducting layers and then
gets influenced a bit more when d increases (e.g. slightly
longer ducted path as highlighted in green when d1 > d2 as
shown in Fig. 5). Moreover, it is noted that there are some
deep nulls in the estimated signal enhancement in Fig. 4.
The degradation may be due to the specular sea-surface re-
flections as reported in [8].
Moreover, our previous study [11] reported a simple
analysis of the spatial distribution of the signal enhance-
ments in dB which was found to be Gaussian distributed.
However, the reported information in [11] is distance-
dependent which may not be useful for other transmission
scenarios with similar altitudes. Therefore, in this paper,
detailed investigations of the distance-dependent ducting ef-
fects and their variations are presented.
In this work, with the assumptions of homogenous
ducting layers and no enhancement at d = 0, the distance de-
pendance of the ideal signal enhancement Pducted is linearly
modeled as
Pducted(dB) = A∗d(km) (1)
where A is the resultant ducting coefficient in dB/km where
the propagation space (combining the ducting and air layers)
is treated as a uniform medium, and d is the transmission
distance in km. Here, the reason for treating the whole space
as an uniform medium is because; it is quite difficult to iden-
tify the boundary of each duct layer and therefore the true
length of the ducted path (highlighted in green as shown in
Fig. 5) practically. Through the linear regression on the mea-
sured data (Examples of regression are shown in Fig. 4), the
empirical values for the resultant ducting coefficient A un-
der different flight scenarios are estimated and summarized
in Tab. 1.
Flight Scenarios
htransmitter hreceiver A in dB/km
1.83 km 7.65 m 0.1093
1.83 km 2.10 m 0.1131
0.91 km 7.65 m 0.0868
0.91 km 2.10 m 0.1039
0.37 km 7.65 m 0.1110
0.37 km 2.10 m 0.1162
Average 0.1067
Standard Deviation 0.0106
Tab. 1. Empirical values for the resultant ducting coefficient A.
From Tab. 1, it is found that, for all the scenarios, Chan-
nel 2 (hreceiver = 2.10 m) has a consistently higher resultant
ducting coefficient A as compared to Channel 1 (hreceiver =
7.65 m). Since all other conditions are kept the same for
both channels during the measurements, the higher resultant
ducting coefficient A for Channel 2 compared to those for
Channel 1 is due to the difference in the receiver height. The
receiver with a lower antenna height has a higher probability
to be located within the evaporation duct (adjacent to the sea
surface) as shown in Fig. 5.
Moreover, as the airborne altitude increases from
0.37 km to 0.91 km, the resultant ducting coefficient A de-
creases for both the Channel 1 and Channel 2. This is be-
cause the grazing angle increases as the airborne altitude in-
creases, and therefore the transmitted signal from the air-
borne platform become difficult to be trapped into the evap-
oration duct.
When the airborne altitude further increases to 1.83 km,
the propagating signal is further enhanced (higher resultant
ducting coefficient A for both channels) as compared to the
results at 0.91 km. This is possibly due to the influence from
the elevated duct in the troposphere as shown in Fig. 5. ITU-
R P.453 [7] presents the statistics of the atmospheric ducts
derived from 20-year radiosonde observations from 1977 to
1996 from 661 sites. The information shows that in our mea-
surement region, the probability of yearly occurrence of the
elevated duct is more than 10 % of the time and the average
yearly elevated duct height is more than 1 km. Moreover, on-
site radiosonde data was also collected near the receiver lo-
cation in our study. Although the measured radiosonde data
has a poor vertical resolution, it indicates the existence of an
elevated duct with a height of around 0.9 km to 1 km which
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is close to the value obtained from ITU-R P.453 [7]. There-
fore, for the air-to-ground radio-wave transmission at an air-
borne altitude of 1.83 km, besides the evaporation duct, the
elevated duct in the troposphere is another important form of
ducts which can enhance the air-to-ground over-sea radio-
wave propagations, and results in a higher resultant ducting
coefficient A as compared to the results at 0.91 km. The ob-
servations are consistent with those reported in our previous
studies [8], [11].
Furthermore, it is found that although there is a slight
difference among the estimated resultant ducting coefficients
under different flight scenarios, the values as shown in Ta-
ble. 1 are close to each other with an average of 0.1067 and a
standard deviation of 0.0106. As it is difficult to find the true
heights of the ducts in practical applications, the average re-
sultant ducting coefficient of 0.1067 could be a good choice
for the rough estimation of the distance-dependent signal en-
hancement due to the ducts in similar scenarios.
3.2 Statistical Modeling of the Duct Variations
The variations of the measured signal enhancement
Penhance−meas have been analyzed using the cumulative dis-
tribution function (CDF) for our transmission scenarios [11].
The corresponding empirical CDF distribution for the results
at the airborne altitude of 1.83 km in Fig. 4 is shown in
Fig. 6. Similar results are observed for the other two air-
borne altitudes. From Fig. 6, it is found that for both chan-
nels, the measured signal enhancement Penhance−meas can be
more than 8 dB for 50 % of the propagations.
−5 0 5 10 15
10−3
10−2
10−1
100
Signal enhancement in dB
F(
x)
Empirical CDF
 
 
Channel 1
Channel 2
Fig. 6. Empirical CDF distribution for the measured signal en-
hancement in dB at the airborne altitude of 1.83 km.
However, the distance-dependance of the signal en-
hancement is not removed for the results in Fig. 6. The
displayed results may not show the true response for the
physical variations of the ducting layers over the sea sur-
face. Therefore, in this study, investigation of the variations
of distance-offset signal enhancement (indicating the physi-
cal variations of the ducting layers indirectly) is performed.
The influence from the distance is minimized using the de-
rived Pducted(dB) = A∗d(km) and shown below,
Pdist−o f f set(dB) = Penhance−meas(dB)−A∗d(km). (2)
The empirical CDF distribution for the processed re-
sults using (2) is shown in Fig. 7 for the airborne altitude of
1.83 km with the removal of distance effect. From Fig. 7,
it is clearly observed that the CDF curve for Channel 1 is
flatter than that for Channel 2. Similar observations are ob-
served for the other two flight altitudes. This indicates there
are more physical variations of the ducting layers for Chan-
nel 1. This is because the receiver with a higher antenna
height (Channel 1 with hreceiver of 7.65 m) has a lower prob-
ability to be located within the evaporation duct (adjacent to
the sea surface) as explained above, and may be located near
the boundary of the evaporation duct.
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Fig. 7. Empirical CDF distribution for the distance-offset signal
enhancement in dB at the airborne altitude of 1.83 km.
In order to characterize the physical variations of the
ducting layers, statistical modeling of the distance-offset sig-
nal enhancement Pdist−o f f set is performed using three com-
monly known distributions associated with radio-wave prop-
agation, namely Gaussian, Rician, and Rayleigh as in [1],
[2]. The mathematical expressions for each distribution are
shown in the following equations.
Gaussian distribution,
Pr(r) =
1
σ
√
2pi
e
−(r−µ)2
2σ2 (3)
where µ and σ are the mean and standard deviation of the
random variable r.
Rician distribution,
Pr(r) =
r
σ2
e
−(r2+s2)
2σ2 I0(
sr
σ2
) (4)
where I0(•) is the modified Bessel function of the first kind
with zeroth order. In this study, s is the amplitude of the
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Flight Scenarios Distributions
htransmitter hreceiver Gaussian Erms Rician Erms Rayleigh Erms
1.83 km 7.65 m 0.1081 0.1082 0.2033
1.83 km 2.10 m 0.0483 0.0483 0.1544
0.91 km 7.65 m 0.1108 0.1115 0.1810
0.91 km 2.10 m 0.0477 0.0477 0.1411
0.37 km 7.65 m 0.0635 0.0635 0.1227
0.37 km 2.10 m 0.0847 0.0848 0.1464
Tab. 2. Erms values for each distribution under different scenarios.
mean signal enhancement in dB, and σ2 is the variance due
to the random variation of the ducting layers.
Rayleigh distribution,
Pr(r) =
r
σ2
e
−r2
2σ2 (5)
where σ is the standard deviation of the random variation of
the ducting layers.
The distribution of the measured data (distance-offset
signal enhancement) is compared with the above-mentioned
three theoretical distributions with Pr = Pdist−o f f set . Using
the maximum-likelihood estimation (MLE) method, the the-
oretical parameters for the three distributions are estimated
[14]. The set of parameters that maximizes the likelihood
function to fit the measured data is determined. To verify
how well the distribution of the measured data fits with the
theoretical models using the MLE method, the root-mean-
square (RMS) error Erms between the experimental and the-
oretical distributions is calculated by [14]
Erms =
√
∑Ni=1(E2i )
N
(6)
where N is the number of data points, and Ei is the differ-
ence between the experimental and theoretical values at the
same fade level. In this test, Erms for each distribution un-
der different flight scenarios are calculated and tabulated in
Tab. 2. The theoretical model with the smallest Erms is con-
sidered to be the best distribution function of the three for
describing the physical variations of the ducts over the sea
surface.
From Tab. 2, Gaussian distribution function is found to
be the best model of the three for the description of the phys-
ical variations of the ducts in general. An example of the best
fitted probability density function (pdf) with the experimen-
tal distribution at 1.83 km is plotted in Fig. 8. The empirical
values for µ and σ of the best fitted Gaussian function for the
distance-offset signal enhancement Pdist−o f f set under differ-
ent flight scenarios are estimated using the MLE method and
summarized in Tab. 3.
From Tab. 3, it can be found that Channel 1 with
hreceiver of 7.65 m has a higher σ which indicates more phys-
ical variations of the ducting layers as compared to Chan-
nel 2 with hreceiver of 2.10 m. This is because the receiver
with a higher antenna height has a lower probability to be
located within the evaporation duct, and may be located near
the boundary of the evaporation duct as explained above.
Flight Scenarios Gaussian Function
htransmitter hreceiver µ σ
1.83 km 7.65 m 0.0939 2.7998
1.83 km 2.10 m 0.0005 1.4746
0.91 km 7.65 m 0.2722 5.1077
0.91 km 2.10 m 0.1400 1.4426
0.37 km 7.65 m 0.2249 3.0316
0.37 km 2.10 m 0.2143 2.2244
Tab. 3. Empirical values for µ and σ of the Gaussian function.
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Fig. 8. Best fitted PDF with the experimental distribution for the
estimated distance-offset signal enhancement at the air-
borne altitude of 1.83 km.
4. Conclusions
In this paper, we have reported an experimental inves-
tigation of the signal enhancement due to the ducts over
a sea surface. The investigation is carried out through the
study of air-to-ground radio-wave propagations over a trop-
ical ocean with low airborne altitudes (0.37 – 1.83 km) at
C band (5.7 GHz).
In this study, the distance-dependence of the ducting in-
duced enhancement in dB is linearly modeled, and the phys-
ical variations of the ducting layers are found to be Gaus-
sian distributed. The estimated resultant ducting coefficients
A and the empirical values for µ and σ of the Gaussian func-
tion for Pdist−o f f set under different flight scenarios could be
used to predict the distance-dependent signal enhancement
Penhance−pred due to the ducting effects in similar application
scenarios using (7),
Penhance−pred(dB) = A∗d(km)+Pdist−o f f set(dB). (7)
Moreover, study in [15] reported the influence of the
sea surface roughness on the radio-wave propagations in the
duct environment, and found that the roughness can be in-
tensified with the increase in the sea-wind speed. However,
due to the limitations of experimental condition in this study,
the information on instantaneous sea-wind speed is lacking,
and therefore, further investigations are needed.
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